Abstract. Human papilloma viruses (HPV) are a small group of non-enveloped viruses belonging to the Papillomaviridae family with strong similarities to polyoma viruses. The viral particles consist of a genome in the form of a circular double-stranded DNA, encompassing eight open reading frames, as well as a non-enveloped icosahedral capsid. HPV infection is considered the most common sexually transmitted disease in both sexes and is strongly implicated in the pathogenesis of different types of cancer. 'High-risk' mucosal HPV types, predominantly types 16, 18, 31, 33 and 35, are associated with most cervical, penile, vulvar, vaginal, anal, oropharyngeal cancers and pre-cancers. Screening for HPV is necessary for the prognosis and for determining treatment strategies for cancer. Novel HPV markers, including proteomic and genomic markers, as well as anti-papillomavirus vaccines are currently available. The aim of this comprehensive review was to thoroughly present the updated information on virus development, cancer occurrence, treatment and prevention strategies, in an attempt to shed further light into the field, including novel research avenues.
HPV in the general context
Human papilloma viruses (HPVs) are a small group of non-enveloped viruses belonging to the Papillomaviridae family with strong similarities to polyoma viruses (1) . The viral particles consist of a genome in the form of a circular double-stranded DNA, encompassing eight open reading frames, as well as a non-enveloped icosahedral capsid. Their size is approximately 52-55 nm and they are composed of 72 pentameric capsomers (2) . To date, >170 types of HPV have been identified (3) , the majority of which affect the genital tract epithelia (approximately half of them), the mucosa of the upper respiratory tract and the skin developing epidermodysplasia verruciformis (3, 4) . 'High-risk' mucosal HPV types, predominantly types 16, 18, 31, 33 and 35 , have been associated with most cervical, penile, vulvar, vaginal, anal and oropharyngeal cancers and pre-cancers (5) . HPV types 16 and 18 are the most common high-risk types and are considered to be responsible for >70% of all cervical cancer cases (5) .
HPV are characterized by the presence of three functional code regions in their genome: The E region that codes the early viral function, the L region which is responsible for the late viral function and the long control region (LCR) that is situated between the previous regions. The density of an intact virion is approximately 1.34 g/ml in cesium chloride and a sedimentation coefficient (S20, W) of 300 (6) .
The link between HPV and cancer has been extensively investigated over the past decade and, for this discovery, Professor Harald zur Hausen, the 'Father of HPV Virology', received the Nobel Prize (7) . 'Low-risk' HPV types cause benign anogenital warts and recurrent respiratory papillomatosis and are only rarely found in squamous intraepithelial lesions (8) .
Despite the fact that HPVs are known to be responsible for the development of cervical cancers, HPV infections are often asymptomatic, unrecognized and underestimated. The Center for Disease Control and Prevention (CDC) highlights the fact that the majority of sexually active individuals become infected with HPV at least once in their lifetime (9) , often without being aware and not presenting any symptoms. HPV infection is considered the most common sexually transmitted disease among both males and females. Indeed, HPV-associated cervical cancer is one of the most prevalent types of cancer over the past years and the third main cause of cancer-related mortality among adults (9) . Furthermore, HPV types 16 and 18 high-risk genital types are implicated in the majority of ano-genital tract malignancies, while HPV types 6 and 11 are considered to be low-risk HPV types, which induce laryngeal papillomatosis and genital warts. Other identified genital HPV types are: 31, 33, 35, 39, 45, 51, 52, 56, 58, 66 and 69 (10) .
It has recently been demonstrated that in the USA, women are twice more likely to develop a HPV infection than men, and that the prevalence of HPV is much higher in women than in men, the peak time for acquiring the infection being shortly after becoming sexually active (11) . In the majority of HPV-infected individuals, the virus will clear out naturally, without the individual being aware they were infected or exposed to the virus. An immune-deficient woman will develop cervical cancer within 5 to 10 years, while for a woman with a normal immune system; this time frame may be extended up to 15 to 20 years or even longer (11) .
Oropharyngeal cancer can be induced by members of the HPV family, among which HPV type 11 is the most prevalent, with a percentage of 50-84% being the cause of causing laryngeal papillomatosis. Even so, in the adult population, HPV 16 is the type most commonly associated with cancer incidence, being correlated to 86% of all HPV-related cancers. Thus, HPV type 16 has been identified both in upper respiratory tract papillomatosis, but also in the normal mucosa adjacent to lesions (12) . It has been demonstrated that tonsilar cancer in particular, has a strong association with HPV (approximately 60% this type of cancer is ascribed to HPV) (12) .
Development of HPV infections
Oncogenic high-risk associated HPV strains have the strongest contribution to the occurrence of pre-cancerous and cancerous lesions (11) . Age trends in cervical HPV acquisition and persistence have revealed that with age, the incidence of new infections decreases, while persistence increases, emphasizing the utility of HPV screening in older women (13) . This may result from age-related immune senescence affecting HPV clearance, the reduced size of squamocolumnar junctions and the replacement of the cervical mucosa by atrophic stratified squamous epithelium (13) . Of note, HPV DNA is present in oral and genital samples of asymptomatic neonates soon after birth (14) and it has been suggested that HPV infection can be acquired very early in infancy (15) in utero via the placenta or cord blood, perinatally or through maternal breast milk. High carriage rates of HPV DNA have been detected in oral samples from newborn babies (16) that decrease gradually during the first 3 years of life (16) . Moreover, 'high-risk' mucosal types have been detected in genital samples obtained from asymptomatic infants, with a decreasing genital HPV DNA carriage rate during the first year of life (16) .
In a recent Romanian study, only 15% of individuals tested positive for HPV had low-risk strains, while the remainder had either high-risk or mixed high-and low-risk strain infections. The distribution of high-risk HPV strains was found to prevail in women younger than 35 years, indicating that additional attention may be necessary for this age group regarding the risk of the development of HPV-related neoplasms (17) .
HPVs, including high-risk types 16 and 18, have also been detected in tonsillar or adenoid samples from children with tonsillar or adenoid hyperplasia, chronic tonsillitis and normal mucosa (18) , as well as in genital samples from pre-pubertal girls with no known vulvar disease (19) . A so-called 'Trojan horse oncogenic strategy' for HPV in childhood has been proposed, stating that children may represent a reservoir of 'silent' high-risk HPV types that may be the key to HPV persistence and related carcinogenesis later on in adulthood (6) .
However, apart from persistent HPV infection, other viral, host and environmental co-factors (20) , as well as psychological stressors (21) (22) (23) have been proposed to be involved in HPV-related carcinogenesis. Oxidative stress is generated in aerobic cells during infections, inflammation, physical, mechanical and chemical stresses and it promotes viral infection, viral persistence and the integration of the viral DNA into the host genome (20) . HPV-infected epithelial surfaces are a constant target for oxidative stress-induced genotoxic, anti-apoptotic and pro-angiogenetic effects and also for oxidative stress/HPV cooperation in initiating and promoting carcinogenesis (20) . Oxidative stress promotes the activator protein-1-mediated expression of the E6 and E7 viral oncogenes that further target and promote the degradation of p53 and some members of the retinoblastoma protein family, leading to genomic alterations, the inhibition of apoptosis and neoplasia (20) .
Tendencies in cancer occurrence in specific epithelial areas
High-risk HPV are causally associated with 99% of cervical, 25% of head and neck, 70% of vaginal, 88% of anal, 43% of vulvar and 50% of penile carcinomas, in descending order by prevalence (1, (24) (25) (26) (27) . While the incidence of cervical cancer has declined steadily due to intensive screening programs, the incidence of HPV-positive (HPV + ) head and neck carcinomas has significantly increased over the past decades (25) , becoming the second most common localization for HPV-associated tumors (1, 25) . By the year 2020, the annual number of HPV + head and neck carcinomas has been estimated to be the highest among HPV-associated cancers in the USA (12) . Importantly, HPV + and HPV-negative (HPV -) head and neck carcinomas have been proven to be different clinical entities in terms of risk factors, anatomical sites of involvement, molecular alterations, pathology appearance and prognosis (28) . HPV + head and neck carcinomas primary involve the oropharynx (tonsils, base of the tongue and other parts of the oropharynx) (24) and are caused by HPV type 16 in >90% of cases (25) . It has been demonstrated that the E6 and E7 genes are the main viral oncogenes by which HPV 16 and other high-risk HPV inactivate p53 and retinoblastoma protein, respectively, leading to the inhibition of apoptosis, cell cycle progression (1, 24) , the accumulation of genetic alterations, viral integration and ultimately to uncontrolled cell proliferation (20, 29) . Experimental data have indicated that the expression of E6/E7 is mandatory for the initiation and maintenance of the malignant phenotype in oropharyngeal cancers (28) . By contrast, HPV-related head and neck carcinomas are associated with exposure to tobacco and alcohol consumption, with the incidence decreasing in developed countries due to aggressive smoking cessation campaigns (30) .
Furthermore, HPV positivity is associated with a significantly superior loco regional control (30) and a better prognosis of recurrent/metastatic head and neck carcinoma (31) . In fact, the tumor HPV status is of paramount importance in predicting the survival for patients with local regionally advanced oropharyngeal cancer and its determination is included in the routine evaluation of head and neck cancers for prognostic assessment (28) . The biological explanation for these different outcomes is currently unknown and, as in other pathologies (32) , the novel '-omics' technologies are promising in the pinpointing of reliable biomarkers useful for patient stratification, the evaluation of therapeutic regimens and identification of potentially targetable pathogenic pathways (30) . Of note, HPV-related head and neck carcinomas share molecular characteristics with lung squamous carcinoma, whereas HPV + -related head and neck carcinomas have similar characteristics with cervical neoplasia (33) . This latter observation can be in part explained by the fact that oral HPV infection and type concordance in women with cervical HPV infection are frequent, and increase significantly in human immunodeficiency virus (HIV) infection, demonstrating a degree of correlation between the two infection sites (34) .
HPV infection is an important risk factor for penile SCC, the most frequently reported pathology of penile cancer (>95%). It is a rare malignancy accounting for 0.24% of all neoplasms among males in the United States with a significantly higher incidence (up to 20-30-fold greater) in areas of Africa and South America that usually arises from the epithelium of the inner prepuce or the glans, and it exists in several histological subtypes sharing a similar pathology with SCC of other origins (35) (36) (37) (38) . Viral DNA has been detected in 70-100% of penile intraepithelial neoplasia and in 30-40% of invasive cancer tissue samples (35) . HPV infection (particularly by the high-risk HPV 16, 18, 31, 33, 45, 56 and 65) is nowadays recognized as a major co-factor in penile SCC through interaction with oncogenes and tumor suppressor genes (p53, retinoblastoma protein, p16) (37, 39) . Nevertheless, it is now clear that apart from the HPV-induced pathway (through which up to 50-80% of penile SCC cases arise), a non-HPV-induced pathway represents a divergent molecular pathway accounting for penile carcinogenesis related to several risk factors, such as chronic inflammation and specific mediators (37, 40) .
Conditions favoring HPV development
HPV enters epithelial cells of cutaneous or mucosal surfaces through abrasion (6) and further requires wounding or micro-wounding in order to allow the access of the virus to the basal lamina (41) . In most cases, HPV infection resolves spontaneously and is transient and asymptomatic (42) . The development of HPV infections and lesion formation may involve the appearance of the wound healing response that promotes active cell division and the proliferation of infected cells (29, 43, 44) .
Persistent infection with high-risk HPV types and altered viral gene expression are the cornerstone of HPV-induced carcinogenesis (29) . Life-cycles of low-risk and high-risk HPV types differ in their ability to drive cell cycle entry and enhance cell proliferation in the basal cell layers (29) . The E6 and E7 viral oncogenes are considered to have a significant contribution to these differences, as E6 inactivates p53 and E7 promotes the degradation of several retinoblastoma protein family members, further leading to cell cycle deregulation and the inhibition of p53-mediated apoptosis (1, 25, 29) . Moreover, while HPV infection requires the appearance of wound healing and inflammation, in some cases, pro-inflammatory cytokines/chemokines can trigger malignant transformation. Tumor-induced inflammation in turn can promote the proliferation and survival of malignant cells and may alter the response to cancer-targeted therapeutic agents (45) .
However, only a small fraction of infections with high-risk HPV types will eventually evolve into ano-genital or head and neck carcinomas and various co-factors have been proposed to be involved in the progression of HPV infection in the epithelial neoplasia. The most consistently identified factors in HPV-related carcinogenesis include high parity, the long-term use of oral contraceptives, smoking, concomitant infection with other sexually transmitted agents (46), the immune status, nutrition, endogenous and exogenous hormones, as well as viral characteristics, such as HPV type, viral load, HPV variant and viral integration (42, 47) .
HPV occurrence in comparison to other sexually transmitted diseases
HPV is the most prevalent sexually transmitted infection worldwide (48) (49) (50) , associated with a profound social and economic burden (51) . In fact, the majority of sexually active individuals contract at least one type of HPV at some point in their lives; however, in the majority of cases, HPV infection is transient or asymptomatic and is resolved spontaneously (42) . Therefore, it is considered appropriate that treatment is vindicable only for clinically visible or microscopically pre-cancerous lesions caused by HPV and is not recommended for the virus itself (42) . However, new evidence suggests that the early detection of known high-risk HPV infection and treatment should be considered even if clinically or microscopically pre-cancerous lesions are not visible. This early detection is not currently available on a routine basis; thus, the development of newer molecular genetic diagnosis methods is mandatory.
Many types of HPV are sexually transmitted through the ano-genital contact, mainly during vaginal and anal sex, and also during genital-to-genital contact without penetration and oral sex (42) . Exceptionally, HPV may be transmitted by non-sexual routes, including casual physical contact via autoinoculation or fomites, as well as vertically from HPV-infected pregnant women to their newborns during delivery (1, 6, 42) or in utero (14) . In a 2015 report on global sexually transmitted infection surveillance, WHO estimated that worldwide, >290 million sexually active women will at some point become infected with HPV and an estimated 417 million cases are prevalent for herpes simplex viral infection (52, 53) . Male prevalence is not yet known, although it may be even higher due to the high clinically asymptomatic rates. For a comparison, the global estimate in incidence for the most common sexually transmitted infections that are considered curable (chlamydia, gonorrhoea, trichomoniasis, and syphilis) was approximately 357x10 6 new infections in 2012 (Table I ) (54) . In 2013, CDC published the latest available data for the US, demonstrating that roughly >6% of Americans annually contract a new sexually transmitted infection and approximately 1 in 3 Americans have a sexually transmitted infection (numbers corresponding to an incidence of 19.7x10 6 and a prevalence of 110x10 6 sexually transmitted infections at a population of 304,09x10 6 for the year 2008), with an estimated economic burden of over 16x10 9 US $ with 3x10 9 US $ in direct medical costs (in 2010). Of great concern is the fact that >20% of these infections (22.1x10 6 ) with an acquisition rate of almost 9.8x10 6 a year were among men and women aged 15 to 24 years, which in many cases were not clinically evident, accounting for most of both prevalent and incident infections (48, 51) . Although there is no reporting system for HPV in the USA, more conclusive data is available through CDC statistics. As stated in a recent brief, among adults aged between 18-69 years in 2013-2014, approximately 45% of men and 40% of women had a genital HPV infection. Approximately 25% of men and 20% of women had a high-risk genital HPV infection. The prevalence of any type of oral HPV infection among adults aged between 18-69 years in 2011-2014 was approximately 7%, and the prevalence of high-risk oral HPV infection was 4% (55) . The vast majority of HPV infections (approximately 90%) are spontaneously resolved within 1 or 2 years, being cleared by the immune system (56, 57) .
An increasing amount of data suggests that HPV infection, even asymptomatic, can significantly increase the morbidity associated with other sexually transmitted diseases. In a recent study, it was shown that reduced sperm motility/abnormal morphology significantly decreased fertility in a male heterosexual population with prostatitis-related symptoms secondary to Chlamydia trachomatis and HPV co-infection (58) . In another study, Chlamydia trachomatis infection in both HPV + and HPV -females was investigated (59) . It was concluded that Chlamydia trachomatis infection was much more prevalent in HPV + subjects and when the two sexually transmitted infections co-existed, there was an increased risk for detecting single high-risk HPV genotypes and various multiple HPV infections even in asymptomatic patients. Chlamydia trachomatis infection was investigated as a potential HPV co-factor in invasive cervical cancer as early as 2002. Smith et al investigated a Brazilian and Philippinese invasive cervical cancer population and found that Chlamydia trachomatis infection increased the risk of developing SCC among HPV + patients (60) . Although a direct interaction between Chlamydia trachomatis and HPV was not yet demonstrated, the authors of that study postulated that Chlamydia trachomatis can act as a carcinogenic co-factor by means of chronic inflammation, in which reactive oxygen species may damage DNA, thus providing a possible link towards malignant transformation (60). Another study identified a possible association between HPV and hepatitis C virus. In liver transplant candidates, HPV + testing was prevalent in non-sexually active women, suggesting a possible reactivation of dormant HPV due to a dysregulation in T-cell activity by the hepatitis C virus (61) . Genital herpes virus (HSV-2) infection was long thought to be a co-factor in cervical cancer development (62) . On its own, HSV-2 infection represents a social and economic burden, with approximately 1.1x10 6 individuals (15.9%) reporting asymptomatic genital herpes and 47x10 6 new cases in 2013 (63) . It has been suggested that in conjunction with HPV, HSV can accelerate the process of tumorigenesis, in part due to the repeated inflammation caused by its periodic outbursts. Yet, this theory remains to be validated, since HSV was not present in all cervical cancer tissue samples as opposed to HPV. In another study in a population of genital HPV-infected men, it was found that that Chlamydia trachomatis and HSV-2 infections were more prevalent (64) . However, it remains uncertain as to whether these infections can influence the acquisition and/or persistence of HPV through a biological interaction, such as a decrease in cell-mediated immunity (64) .
There is evidence that HIV infection (>35x10 6 cases worldwide with approximately 1.8x10 6 new ones in 2016) can increase the number of infected HPV particles carried on a single individual (http://www.who.int/mediacentre/ factsheets/fs360/en). This may be the result of the negative impact of HIV on the immune system functionality. Among couples, HIV infection can impact HPV carriage. It has been reported that in couples where women are HIV-positive, their HIV-negative male partners have a significantly higher rate of HPV penile carriage compared to those of HIV-negative women (58 vs. 32%) (65) . If both partners are HIV positive, the carriage rate increases to 72%. Moreover, HIV co-infection increases the risk of type-specific HPV sharing within the couple (65) . Furthermore, two large meta-analyses, performed in women from the general population and in HIV-positive women, revealed that HPV prevalence was higher within the same region in HIV-positive compared to HIV-negative individuals (66,67).
HPV persistence and cancer incidence
CDC outlines that in approximately 90% of cases, HPV infection is likely to disappear within approximately two years, causing no harmful effects. However, if there is a persistent infection, due to high-risk strain HPV strains, coupled with host-particularities, particular behavior such as smoking and/or alcohol abuse, environmental co-factors, other associated viral infection such as HIV, persistence can lead to neoplastic transformation (9, 25, 34, 68, 69) . The link between well-studied genital cancer and oral cancer triggered by persistent HPV infections is still a subject of intense investigation (70) . High-grade cervical intraepithelial neoplasia and the association with HPV have been studied in various cohorts and geographical regions. In over 8,600 Danish women tested at 2 years, it was reported that subjects that tested positive for HPV type 16 at the second examination had an estimated probability of developing CIN grade 3 within 12 years of 26.7%, while those infected with HPV type 18 of 19.1% (71) . This study revealed that the persistence of HPV type 16 was particularly associated with a high risk to develop high-grade cervical lesions (71) . In >2,000 women from Africa, HPV prevalence was reported as 24.5% for any HPV type and as 16.1% for the oncogenic ones. Over 21 months of follow-up, type-specific persistence was 29.8% among all HPV infections giving good grounds for vaccine development (72) .
In a Finish female cohort, the natural HPV type 16 clearance of patients with positive cervical and oral samples was investigated. Natural clearance correlated with HPV antibody titers (73) . In this context, it was reported that a duration of HPV persistence of >12 months leads to an increased risk for disease progression in cervical and oral neoplasias (73, 74) . In high-grade squamous intraepithelial lesions, an extended high-risk HPV persistence of >6 months was the most potent predictor of progression (74) . Later on, when HPV vaccines were investigated, the results obtained from a study comprising over 15,000 female subjects confirmed that a persistence of HPV infection of >6 months was the surrogate endpoint of progressive disease (75) . In oral mucosa infection, HPV type 16 was the main cause of infection (65%), other low-risk HPV genotypes cleared from the oral mucosa rapidly in comparison to the high-risk HPV genotypes 12 (75) .
When investigating the association between HPV infection with oropharyngeal and anogenital sites in men engaging in sexual activities with other men, no congruity between HPV genotypes discovered at oral sites as compared with the anogenital sites was found; thus, it is possible that oral HPV infection may be considered independently (76) . In esophageal SCC diagnosed in a Greek population, it was reported that there are important positive association factors, such as HPV positivity, the mutational activation of K-ras and tobacco/alcohol abuse, that are main risk factors for the development of this type of cancer (30, 77) .
HPV infection can trigger cervical cancer, accounting for approximately 25% of head and neck cancer cases (78) . In female subjects, there is an increased prevalence of oral HPV infections with concomitant cervical HPV infection with a moderate type-specific HPV concordance between genital and oral HPV types. The long-term persistence of cervical high-risk HPV (over 24 months of positivity), can induce an increased incidence of oral HPV infection later in time. Lower titers of HPV type 16 antibodies may suggest the incapacity to clear chronic cervical HPV infections (79) .
Despite prior findings demonstrating the lack of a correlation between the oral finding of HPV DNA and HPV serology, there are data showing the most marked titers of HPV type-specific antibodies in female subjects clearing cervical HPV type 16 infection and the lowest HPV type 16 antibody levels in females with acquired cervical HPV type 16 infections (72) . There are also studies suggesting the possibility of a subcategory of women with HPV persistence at a very young age (72, 80, 81) . A study conducted by Koskimaa et al in children whose mothers had cervical intra-epithelial neoplasm lesions, demonstrated that these children had HPV type 16-specific cell-mediated immunity. HPV infections persistent earlier in life can affect the outcome of subsequent genital or oral HPV infections (82) .
In terms of the clinical manifestation of HPV infection, these may vary from asymptomatic forms, beginning from benign warts and ending in carcinomas of malignant potential (17) . In an attempt to elucidate the presence of benign warts as a site of persistence for future neoplastic transformation, Kofoed et al conducted a study including 201 men and women with genital wart-like lesions (83) . Their study found HPV in 46.2% of subjects, out of which oral HPV was identified in 10.4% of subjects. In 21.7% of investigated subjects, concordance was found between oral and anal HPV types. Patients with genital warts frequently display extra-genital HPV with differences between men and women subjects (83) .
HPV infection has specific sites for localization. In order to complete the HPV infection generation cycle, the virus requires a stratified epithelium. That is why HPV-associated cancers occur in areas with intermediate epithelia towards cubic mucosal epithelia, such as the lip, cervix, oral cavity or the rectum (29) . The usual progression begins with initial virus infestation of the basal cell nucleus, overcoming the host defense mechanisms. Once established in the basal cell nucleus, the virus genome multiplies with the host DNA, producing a reduced number of copies which later, on cell division, are allocated to daughter cells. In this phase, there is a low viral gene expression, and thus infected cells are difficult to detect (84) . In light of the overall body of evidence, the vast majority of HPV infections (approximately 90%) are cleared naturally by the body's immune system within a two-year period; however, when persistence is established for >6 months, infection induces a high risk of the malignant transformation of infected cells.
HPV prevention
Sexual abstinence is the most reliable method of protection against HPV, as with other sexually transmitted infections (8, 9) . Limiting the number of lifetime sexual partners, cultivating a monogamous relationship and having safe sexual habits can reduce the exposure to HPV (85) . The consistent and correct use of condoms, although not offering complete protection, can decrease the risk of transmitting HPV and developing HPV-associated conditions (8, 9) .
Available vaccines (bivalent, quadrivalent and 9-valent vaccines) are effective against high-risk HPV types 16 and 18, and are the optimal prevention strategy for cervical cancer to date (11) . The quadrivalent vaccine also protects against HPV types 6 and 11, which are responsible for 90% of ano-genital warts; whereas the 9-valent vaccine also covers HPV types 31, 33, 45, 52 and 58, that account for 15% of cervical cancer cases (8, 9) . All vaccine types are safe and should be administered as a 3-dose series of intra-muscular injections over a 6-month period for the female population aged 11-12 years, but vaccination can begin 9 years of age (86) . Boys are advised to receive the quadrivalent (11) or the 9-valent HPV (8, 9) vaccine at the same age interval as girls. HPV vaccines can be administered regardless of a history of ano-genital warts and pre-cancerous lesions or abnormal Pap/HPV tests (8, 9) , in men or women not older than 26 years (86) . Although a ≥1 dose of HPV vaccination coverage increases notably each year, it is still much below the expected coverage of 91% by 13 years of age, due to missed vaccination opportunities/non-adequate efforts in promoting the advantages of reducing vaccinepreventable infections and cancers (11) . Consequently, the Advisory Committee on Immunization Practices recommends administration of HPV vaccine at the same visit with other age-appropriate vaccines (11) . Geographic variations of different HPV types have been reported by numerous studies on women with cervical lesions of various degrees of severity, including cervical cancer (7, 87, 88) and should be taken into account when designing future HPV vaccination programs to prevent HPV-induced carcinogenesis (7).
Proteomics technologies for the identification of markers

Discoveries of proteomics biomarkers in HPV-related cancer.
Given the expansion of proteomics studies and the advances brought by this strategy in the diagnosis, prognosis and therapy monitoring, proteomics have recently focused on HPV-related neoplasia (73) . Oncogenic human DNA viruses, such as HPV, have co-evolved with their human hosts and studies of viral proteomics can identify important tumorigenic pathways, as well as novel therapeutic targets (70, 89) . Nevertheless, there are still extensive gaps in proteomic knowledge related to HPV-related cancer forms, the difficulties due to the HPV prevalence and type distribution in women with HPV-related cancers other than cervical ones (27) . The complexity of this group of diseases can be matched only by equally complex proteomic data (29, 30) .
Several 'omic' fields have studied the associations with HPV-dependent cancer lesions. Wu et al examined the molecular pathogenesis of HPV-related oral cavity SCC and reported that there was a significant difference in the incidence of HPV type 16 infection-related and HPV-non-related cancer (90) . Acknowledging that paxillin can promote lung tumor progression and that HPV type 16 E6 can reduce miR-218 expression in cervical cancer, the role of paxillin in oral cavity SCC was investigated. An increased capacity for invasion in HPV-infected cancer cells was found to be associated with paxillin expression. In tumor specimens with HPV type 16/18 infection, a negative association was observed with miR-218 expression. Moreover, a shorter relapse-free survival and overall survival was associated in patients with tumors with a low miR-218 and high paxillin expression. HPV-infected patients with tumors with a high paxillin and low miR-218 expression have the most unfavorable relapse-free and overall survival. There is evidence to indicate that targeting paxillin in order to suppress tumor progression/improve the clinical outcome of oral cavity SCC, particularly in HPV-infected patients, can lead to novel therapeutic regimes (90) .
Proteomics analyses, expanding on the neoplastic differentiation of HPV-infected cells, have indicated that the E6-mediated ubiquitination of p53 is present in infections involving high-risk HPV types. A number of novel E6AP-interacting proteins have been detected and validated, among which the most important are NEURL4, HIF1AN and mitogen-activated protein kinase 6 (MAPK6) (91) . E6AP comprises several different protein complexes, including an independent high-molecular-weight complex containing HECT and RLD domain containing E3 ubiquitin protein ligase 2 (HERC2), neuralized E3 ubiquitin protein ligase 4 (NEURL4) and MAPK6, as well as a proteasome (92) . These proteomics studies revealed for first time the E6AP complexity and involvement in infections caused by high-risk HPV types (91) .
Due to the small size of the HPV genome (7-8 kbp, at most eight genes) the viral lifecycle requires these protein products to be able to execute multiple functions. Thus, E2 proteins play an important role in the HPV lifecycle. Specifically, the E2 proteins contain a conserved C-terminal DNA binding structure, a dimerization domain (90-100 amino acids) and a conserved N-terminal domain (200-210 amino acids) (92) . The specific structural characteristics of the E2 proteins allow their involvement in viral transcription and replication; whereby they interact with host's proteins in order to fulfill the entire viral life cycle (84) (93) .
In HPV + oropharyngeal cancer, proteomics markers, such as E2 expression have been recently associated with CD8 + tumor-infiltrating lymphocyte counts, age and T-stage to predict progression-free survival and stratify patients for therapy (94) . The high tumorigenic potential of HPV relies on the cell cycle deregulation/inhibition of p53-mediated apoptosis; both tumorigenic processes are induced by E6 and E7, the two main viral oncogenes. These viral oncogenes inactivate p53 and the retinoblastoma protein (24) . Recently, the gamma HPV197 interactome investigation has indicated that the E6 protein interacts with a large number of cellular proteins, including the TP53 tumor suppressor that is thus inhibited. Although it seems that the HPV197 E7 structure would not accommodate the binding to retinoblastoma protein, it was demonstrated that it does and activates E2F transcription (95) .
Using several proteomic technologies, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and fluorescent two-dimensional electrophoresis, in cervical cancer, mimecan, actin from aortic smooth muscle and lumican were found to be overexpressed, while keratin, type II cytoskeletal 5, peroxiredoxin-1 and 14-3-3 protein sigma expression levels were found to be decreased (96) . Moreover, using one dimensional electrophoresis, followed by direct mass spectrometry in SCC of the penis, several proteins were identified. HPV + penile SCC and HPV -non-tumorous penile foreskins were analyzed and 63 different proteins were revealed in the HPV + group. One of this complex array of proteins proved to be complement C3, which was useful in the evaluation of patients with penile SCC (97) .
Protein microarray, an emergent proteomic technology (98) , is gaining its place in proteomics. For the study of the diversity of oncogenic HPV types, a customized HPV protein microarray with 98 proteins in the form of C-terminal GST fusion proteins, has been recently developed. The utilized protein markers are representative of eight antigens of two low-risk HPV types (6 and 11) and 10 oncogenic high-risk HPV types (16, 18, 31, 33, 35, 39, 45 , 51, 52 and 58) demonstrating a high reproducibility in human samples. Statistically significant IgG sero-reactivity for HPV16 E1, E2 and E7 was obtained in oropharyngeal carcinoma patients, validating prior ELISA results. That study is one of the first to emphasize the potential of using protein microarray assays in HPV-related cancer (99) .
Genomic markers in HPV-related cancer. The majority of studies on HPV-related cancers have gathered genomic data. The following alterations have recently been highlighted: Amplifications of regions that comprise mainly oncogenes, deletions that comprise mainly genes involved in proliferation and cell cycle regulations, mutations and a rapidly expanding domain, DNA methylations. Using genomic technologies, in various human non-melanoma skin cancers, ten different HPVs were detected in >50% of the tested samples. The reported genomic sequences comprised the known HPV types 16, 22, 120 and 124, two previously known putative types and four previously unknown HPV sequences. The most commonly detected virus was HPV197 in >30% of all skin cancer samples (100).
In HPV + tonsillar carcinoma there is a marked enhancement of 3q24-27 amplifications, comprising PIK3CA, TP63, SOX2, CCNL1, PARP1, hTERC and DCUN1D1 oncogenes (101). 3q amplifications have also been found in the early stages of cervical cancer that progresses to more advanced stages (102) . In earlier head and neck SCC studies, chromosomal aberrations in 7q, Xp, 8p, 11q22 (harboring the ATM gene), 13q, 14q32 (harboring the TRAF3 gene), and 15q have also been reported (103) . Recently, a subset of HPV + head and neck SCC harboring mutations in TRAF3 and CYLD have been reported, suggesting their involvement in HPV-related tumorigenesis (104) . Moreover, gene loss (SMAD4), hinders TGFb signaling and favors uncontrolled cell proliferation and anti-apoptotic events in head and neck SCC (24) .
The detection of mutations in HPV + lesions is a comprehensive research domain. TpCp(A/C/T) substitutions in the APOBEC3B cytosine deaminase gene altering the enzyme activity have been reported in both HPV + head and neck SCC and cervical cancers. APOBEC is associated with helical domain hot spot mutations in the PIK3CA gene detected in a number of neoplasms (105) . Certain deregulated intracellular signaling pathways are caused by the increased frequency of mutations, such as the PI3K pathway (PIK3CA, PTEN, PIK3R1 genes mutated) and the MAPK pathway (KRAS gene mutated). Using human xenografts expressing mutant PIK3CA harvested from HPV + and HPV -head and neck SCC, it was demonstrated that PIK3CA mutation status can be utilized as a target for mTOR/PI3K inhibitors. Thus, in animals bearing xenografts with mTOR/PIK3CA inhibitors, an attenuated tumor growth was observed (106) .
DNA methylation is another genomic domain that is highlighted in the characterization of HPV + head and neck SCC. Thus, the profile identification of global DNA methylation proves that HPV + head and neck SCC tissues display increased hyper methylation compared to HPV -tumors (107). Global hypermethylation is possibly induced by E6 ectopic expression, thus E6 is suggested as the primary methylation factor. Epigenetic silencing in HPV + head and neck SCC can modulate gene families involved in proliferation and cell cycle regulation. The hypermethylation of the cadherin gene family has been shown to induce HPV-mediated tumorigenic progression through epithelial-mesenchymal transition (108) . Moreover, it was recently reported, that in HPV + head and neck SCC, long non-coding RNAs (lncRNAs) cluster in five distinct tumor regions and are associated with DNA methylation and TP53 mutation, as shown by RNAseq expression data.
Importantly, this lncRNA reported clustering correlates with patient survival and tumor grade (109) .
In terms of therapy, HPV + tumor responsiveness to radiotherapy can be increased by the activating amyloid precursor protein binding protein-1 gene (APP-BP1), as through this mechanism, the upregulation of p53-mediated apoptosis can be further induced (110, 111) . Therefore, gene therapy aiming at restoring wild-type p53 expression may prove to be a novel therapeutical route in head and neck SCC (102, 112) . Another possible therapeutical approach focuses on the epigenetic field, where the hypermethylation of the SMG1 promoter appears to increase HPV + head and neck SCC cell line sensitivity to radiation (113) . As shown in a separate study, the promoter methylation signature of five genes, ALDH1A2low, OSR2low, GATA4high, GRIA1high and IRX4high, may be utilized as a prognostic marker. These methylation signatures can identify specific treatment-responsive patients in oropharyngeal cancer (114) . It is important to highlight that the HPV -head and neck SCC genetic pattern differs significantly from the HPV + one. Thus, a loss of the 17q/mutation of TP53 and of the 9p/inactivation has been reported (103), along with amplification at locus 11q13 (the site harboring CCND1 oncogene, CTTN and FADD genes) (25) . The loss of 16q12-24, as well as FGFR1 amplifications (114), seems to be specific to HPV -head and neck SCC (110) . Of note, EGFR gene amplifications localized at chromosome 7p, have been found to be present in >13% of HPV -head and neck SCC (114) . In brief, genomic markers for HPV + and HPV -head and neck SCC are summarized in Table II . An overview of the 'omics' biomarkers related to HPV infection is presented in Fig. 1 . On all altered levels, beginning from HPV insertion into the host cell genome, through epigenetic alteration and the transcription of altered proteins, biomarkers indicative of HPV infection can be identified.
Use of proteomics technologies for biomarker identification.
To date, major markers able to assist effective therapy have been identified, However, further steps along this path, are the study of interactions between the host and the virus in order to improve disease outcomes and, more concretely, for the development of biomarkers able to perform the accurate triage of patients with HPV infection.
Against the increasingly confirmed knowledge that cancer may begin from proliferative cancer stem cells of high tumorigenic potential, to which the information is added related to the capacity of other oncogenic viruses to induce stem cell-associated gene expression, a study researched the possibility to detect, on the one hand, the presence of mRNA or proteins from stem cell associated genes and/or increased cell proliferation, and on the other hand, in appropriate current cervical-vaginal fluid samples from high risk HPV + women. The use of cervical-vaginal fluid samples has demonstrated benefits as a biomarker source for lower female reproductive system pathologies, due to easy collection, with the prospective of utilizing self-tests. The following detection methods have been used, to date, for this sample examination: RT-qPCR for mRNA, flow cytometry and antibody-based proteomic microarray for stem cell-associated genes and flow cytometry for increased cell proliferation (121) .
The study material also included cytological and histological sample results, indicating moderate-high abnormality rates. In samples from patients with CIN3, respective analysis revealed upregulated stem cell-associated proteins (e.g., the oncogene TP63, human chorionic gonadotropin) and the SOX2 transcription factor. Moreover, certain samples collected from a subset of this patient group, the stem cell-related, surface podocalyxin protein could be detected. In high-grade disease samples, SOX2, TP63 and human gonadotrophin mRNAs were upregulated. Immunohistochemistry experiments performed revealed that SOX2 and TP63 proteins visibly outlined tumor cells in invasive forms of squamous cervical cancer (121) .
A different study envisaged the identification of a cervical-vaginal fluid protein biomarker indicative of cervical cancer or its respective pre-cancer stage. The study involved Figure 1 . An HPV-infected cell is subjected to multiple transformations. HPV infects initially actively dividing basal epithelial cells. HPV then integrates into the host genome inducing specific alterations of host cellular gene expression. The expression of high-risk HPV E6/E7 proteins augments genomic instability and induces epigenetic and further transcriptomic alterations that generate proteins (proteome) that maintain a host cellular milieu favorable to viral genome replication. The altered infected cell develops modified intracellular events that induce aberrant proliferation and further generate immune response activation. On all altered levels, beginning from HPV insertion into the host cell genome, through epigenetic alteration and the transcription of altered proteins, biomarkers indicative of HPV infection can be identified. HPV, human papilloma virus. a differential proteomics approach applied to cervical-vaginal fluid samples collected from healthy patients or women at pre-cancer stages. The quantification of protein expression was performed by label-free spectral counting and proteome analysis (122) . This approach identified 16 candidate biomarkers, the most promising of which were alpha-actinin-4 and pyruvate kinase isozyme M1/M2. ELISA applied to alpha-actinin-4 demonstrated the potential of this candidate biomarker to distinguish between healthy samples and both low-and high-risk HPV-infected patients. By further analysis of longitudinal samples, the correlation between levels of alpha-actinin-4, on one hand, and viral clearing and persistence, on the other hand, were demonstrated, allowing for 18 pg/ml levels as discrimination frame (122) . A separate study utilizing a quantitative proteomics-based approach compared the protein expression profiles in two HPV + head and neck cancer cell lines and one HPV -head and neck cancer cell line, leading to the identification of 155 differently expressed proteins. In the HPV + cell lines, prostate stem cell antigen (PSCA) was upregulated, whereas the eukaryotic elongation factor 1 alpha was downregulated, the statuses of which were confirmed by immunofluorescence and western blot analyses. In addition, in two clinical series of HPV + and HPV -oral cavity carcinoma cases, differences were shown between PSCA and eukaryotic elongation factor 1 alpha expression levels (123) . The study accordingly led to a first-time demonstration of the association between the HPV -status and the PSCA and eukaryotic elongation factor 1 alpha, indicative of the likelihood of the involvement of these proteins in carcinogenesis associated with HPV -infection (123) . Expanding the use of monoclonal antibodies in several domains, was one of the proteomics approaches with intense development in new treatments for head and neck cancer. Thus, cetuximab, a monoclonal antibody inhibitor of epidermal growth factor receptor, was evaluated in comparison with radiotherapy in an international randomized trial for assessing the best therapeutic regimen in loco-regionally advanced SCC of the head and neck (124) . This innovative approach simultaneously used cetuximab and high-dose radiotherapy for the loco-regional control of the tumors and induced an important lifetime prolongation (49 vs. 29.3 months for radiotherapy alone), without increasing the toxic effects related to radiotherapy (124) . Another recently developed monoclonal antibody against the thrombin-sensitive site of the osteopontin molecule was used to test osteopontin as a possible circulating biomarker in cervical cancers. In both serum and plasma, the osteopontin level was significantly higher compared to healthy subjects, and was reported as having the highest values in stage III-IV. However, as osteopontin can exist in a truncated form and thus, the target epitope recognized by the monoclonal antibody may be absent, further studies are warranted to investigate the mechanisms through which the entire molecule and/or its fragments play a role in cervical cancer biology (125) .
Marker --------------------------------------------------------------------------
Marker -----------------------------------------------------------
Proteomics may aid in the elucidatation of a certain status of the HPV-infected milieu. For instance, in cervical cancer, oxidative stress can be considered as an insufficiently exploited factor as regards its role in HPV-initiated carcinogenesis. Along these lines, complex proteomic and imagistic approaches were used to investigate certain proteins involved in the overall redox status in HPV type 16-positive tissues. Thus, tissue samples from patients with invasive squamous cervical carcinoma, dysplastic HPV lesions and controls, were assessed for the expression levels of stress markers, such as endoplasmic reticulum protein 57 (ERp-57), glutathione S-transferase (GST), inducible nitric oxide synthase (i-NOS), as well as thioredoxin reductase 2 (TrxR2) levels. In addition, chemical modifications (carboxylation and oxidation) were evaluated in some key proteins recognized for their role in cytoskeletal structure maintenance and cell differentiation. Hence, a HPV tissue pattern I was registered for each type of lesion. Specifically, in dysplastic lesions, ERp57 and GST were highly elevated, whereas TrxR2 and iNOS were gradually decreased; other factors, such as cytokeratin 6, actin, cornulin, retinal dehydrogenase and GAPDH were found to be highly carbonylated in comparison with the controls (126) . The results of the carboxylation degree could account for protein function failure, providing hints as to the involvement of stress-related molecular mechanisms in tumor development. For neoplastic lesions, ERp57 and GST were also found to be elevated, while at the same time reduced levels of iNOS were determined (126) . Indeed, the assessment of chemical modification indicated that peptidyl-prolyl cis-trans isomerase A, ERp57, serpin B3, Annexin 2 and GAPDH were found to be less oxidized in normal as compared with dysplastic tissues. Furthermore, it was suggested that HPV type 16e neoplastic progression may be related to a pro-oxidant environment. However, the oxidative damage seems to be tightly controlled by tumor cells, as indicated by the selective reduction of carboxylation on key pro-survival proteins (e.g., ERp57, Serpin B3 and GAPDH), thus underlining another defense mechanism initiated by the tumor cells (126) . The link between oxidative stress, UVB radiation and HPV infection were assessed in a study where a parallel proteomic approach analyzed the expression pattern and oxidative alterations of proteins in a HPV type 16-transformed keratinocytes (HK-168) cells following UVB exposure. Protein expression profiles assessed 21 proteins displaying differential expression levels in cells exposed to UVB radiation in comparison with unexposed cells. Furthermore, UVB treatment revealed five proteins highly carbonylated namely: Alpha-enolase, heat shock protein 75, Annexin 2, elongation factor Tu and elongation factor gamma. Therefore, proteomics approaches in this case suggested that UVB-induced oxidative stress triggers a carbonylated state of specific proteins, which when combined with the detected protein modifications in HPV-transformed keratinocytes may contribute to malignant progression (127) .
Hypoxia has also been suggested as a factor that enhances tumor development and metastasis (128) . In some pathologies, the determination of clinically relevant hypoxia may be used to classify patients who will benefit from the adjustment of the hypoxia level during the radiotherapy regimen. It was shown that the osteopontin level in plasma was associated with tumor hypoxia. Indeed, in patients with head and neck cancer, the higher the plasma osteopontin concentration, the poorer the outcome after radiotherapy. This disadvantage may be resolved by a hypoxia radiosensitiser nimorazole, as in the case of the DAHANCA 5 trial, which established that nimorazole significantly improved the outcome of patients subjected to radiotherapy when compared to placebo (128) . Recently, a group of 63 patients with head and neck SCC was tested in the DAHANCA-5 trial, where the plasma levels of nimorazole were analyzed by high pressure liquid chromatography (HPLC). The HPLC data revealed a linear correlation between the peak plasma level and dose, the mean peak concentration was 32.2±0.9 µg/ml, the median time of peak concentration was 60 min and the mean half-life was 3.35±0.09 h. Of note, a statistically significantly longer nimorazole half-life in men compared with women was registered. Overall, this study that used the HPLC approach may provide a nimorazole scheme forecast in patients, with nimorazole being generally well tolerated (129) .
Proteomics approaches have also provided insight related to the cell status upon viral infection. For instance, 2-D electrophoresis and MALDI-TOF technology were performed in a study to elucidate the pattern of interactions between some viral oncogenes expressed in cells infected with HPV type 16 and proteins related to cell signaling, apoptosis and cell cycle regulation. The HaCaT keratinocyte cell line was induced to stably express E7, encoded by one of the viral oncogenes selectively expressed in carcinoma cells upon HPV type 16 infection. Proteomics data revealed that >20 important factors are modulated by E7, being downregulated (e.g., leukocyte elastase inhibitor) or upregulated (heat shock 60 kDa protein, catalase and peroxiredoxin 2), thus influencing cell signaling, apoptosis or cell cycle processes (130) .
Studies on HPV type 16 have been continued with integrative proteomics approaches linked to E6 oncoproteins and their targets; E6 from high-risk mucosotropic HPV types can trigger the degradation of the p53 tumor suppressor and the apoptosis-inducing Bak protein, through the interaction with the E6AP ubiquitin-protein ligase. On the contrary, E6 from low-risk mucosotropic HPV types interacts in a lower affinity manner with E6AP, but the target proteins are still unknown (131) . Additionally, this E6 type, unlike cutaneous E6 proteins, can induce the degradation of proteins containing PDZ-binding domain. Importantly, that study could define the differences and similarities of how HPV-related mucosal and cutaneous E6 proteins interact with intracellular targets, such as cellular ubiquitin-protein ligases (131) .
Comprehensive tumor profiling was used for the study of a possible link between HPV infection and relapse risk in vulvar SCC (VSCC), which befall in two distinct subtypes, one related to high-risk HPV and one negative for HPV, both acknowledged to develop through distinct intracellular signaling pathways. A number of 14 VSCC tumor proteome specimens were analyzed by liquid-chromatography tandem mass spectrometry followed by complex protein quantification techniques, the fractionation of labeled peptides by high-resolution isoelectric focusing and liquid-chromatography tandem mass spectrometry. As a result of such complex proteomic inquires, 1,579 proteins were quantified and further analyzed, in a novel approach, for generating individual tumor pathway alteration data, HPV multivariate statistics and relapse status comparisons. Thus, 4 proteins identified as main classifiers of relapse grade were validated by immunohistochemistry, two of which were found to be interferon-regulated and HPV-repressed at the mRNA level. Further, liquid-chromatography tandem mass spectrometry and immunohistochemistry identified a subgroup of HPV negative/relapse-associated tumors. The ubiquitin-proteasome pathway was further identified to be altered in the high risk subgroup (132) .
A correlation between tumor biology and clinical consequences dictated by HPV subtype infection is likewise a challenge in the case of oropharyngeal carcinoma. Through a standardized global proteomic analysis platform, 2,653 proteins were identified, out of which 31 were selected on the basis of expression differences between HPV + , HPV -and normal epithelium. The emerging protein pattern registered an involvement of proteins associated with epithelial cell development, keratinization and extracellular matrix organization in HPV -, while for HPV + tumors the results indicated a profile of proteins involved in DNA initiation, replication and the cell cycle. Tissue microarray also identified differences in terms of transcription factors and essential amino acid dependency based on the presence of HPV, contributing to deciphering molecular pathways for HPV + /HPV -oropharyngeal carcinoma suitable for therapy and disease monitoring (117).
HPV markers
Understanding the structure of HPV and the biology of its infection was difficult until the 1990s, when the first virus propagation in organotypic cultures was produced, leading to the discovery of the genomic sequences. Even if, the latest molecular studies have provided a coherent mechanism of the HPV gene expression and replications, there are still unanswered questions regarding the HPV biology (133) .
The eight reading frames of each DNA strand are divided into three parts: The L (late) region responsible for the codification of structural proteins L1-L2, which are implicated in the virion assembly; the E (early) region that encodes proteins E1-E7, which are involved in viral replications; and the LCR necessary for the DNA transcription and replication (77, 134, 135) . Each papillomaviruses protein has specific characteristics, and is designed to support a specific genetic role. Thus, E1 is a viral protein with a size of 72 kDa and is involved in viral replication. This viral protein binds to a specific DNA sequence and through the E2 viral protein, it assembles into hexameric complexes. This complex formation is responsible for the initiation of the DNA unwinding that produces subsequent synthesis of progeny DNA (77) . E2 is responsible for viral gene transcription; therefore, low levels of this protein will activate transcription from the viral LCR, while high levels of E2 act as a transcriptional repressor. E2 is also involved in DNA replication. E4 is associated with viral assembly and release, but also with inducing the G2 arrest and distinguishing the nuclear domain 10. Importantly, this protein is active in the late part of the viral life cycle. E5 is implicated in inducing unscheduled cell proliferation, it activates the protein kinases and growth factor signaling, but it also inhibits cell apoptosis and the circulation of major histocompatibility complexes to the surface of cells (77) . The E6 viral protein plays a role in inducing DNA synthesis, telomerase activity, cell polarity and motility, as well as in the regulation of transcriptional co-activators and tumor suppressors together with E7. The last papillomavirus protein is implicated in unscheduled cell proliferation and interacts with both negative regulators of the cell cycle and with histone acetyl transferases (77) . As regards the late structural protein, L1 (major viral structural protein) and L2 (minor viral structural protein), they are involved in encoding neutralizing epitopes, but also in assembling the capsomers and the capsid. Indeed, these proteins interact interact with other cell receptors) and facilitate virion assembly, interacting with both DNA and nuclear domain 10 (L2).
Importantly, HPV proteins are useful as markers. The past or present HPV infections can be confirmed after a serious epidemiological research, the antibody response to the HPV capsid being a predictable marker for the cumulative exposure to HPV. The cervical or oropharyngeal HPV-induced cancers are characterized by the presence of E6 (the main viral effector E6 gene) and E7 antibodies (108) . The development of SCC is produced by genetic alterations, such as mutations and copy number alterations at the level of DNA, but also by epigenetic changes characterized by the aberrant methylation and histone genetic modifications (90) .
However, even if the E6 and E7 proteins antibodies are markers for HPV type 16-and 18-induced cancer, not all patients with malignant oropharyngeal disease express these antibodies, and thus they cannot be used as diagnostic markers (137) . There are epidemiological studies in progress, in order to further examine the correlation between HPV-induced cancer and the presence of E6 and E7 proteins antibodies by either peptide ELISA or western blot analysis (130) . Other researches have indicated that there is a correlation between cervical cancer and the presence of E2 and E4 antibodies or some specific linear sequences of these proteins (138) .
HPV type 16 is considered to be the most prevalent viral genotype implicated in head and neck SCCs. Studies have suggested that SCC associated with HPV DNA positive/RNA positive has a better survival expectation in comparison to carcinomas induced by HPV DNA-positive/RNA-negative or HPV-negative malignant tumor (137, 138) . Head and neck cancers induced by HPV have an HPV-mediated DNA methylation in tumor cells (107) . DNA methylation is an epigenetic mechanism that is characterized by the addition of methyl (CH3) to cytosine. This process is an important regulator of gene transcription being controlled by an enzyme family known as DNA methyltransferases (DNMTs). Furthermore, hypermethylation is most predominant at the level of TSS 200 promoter regions, but also at the gene bodies, both of these being good markers of gene silencing. It is well known that an important role in cellular transformation is played by the hypermethylation of the promoter region of tumor suppressor genes (107) .
There are data available that have correlated serine/ threonine-protein kinase SMG-1 (involved in both mRNA surveillance and genotoxic stress response pathways) with oropharyngeal SCC. SMG-1 is underexpressed in HPV-positive head and neck cancers in comparison with HPV-negative ones. It has been demonstrated that HPV type 16 E6 and E7 induce SMG-1 promoter hypermethylation (113) . Other tumor suppressor genes implicated in carcinogenesis and hypermethylation are various cadherin subtypes, such as E-cadherin (CDH1), T-cadherin (CDH13) and proto-cadherin 10 (PCDH10) (108) . Recent studies had indicated the involvement of CDH8 and CDH13, both determined to be hypermethylated in cervical cancer, in HPV-induced SCCs together with CDH18, CDH19, CDH23, PCDH10, PCDH15, PCDHB1, PCDHB4 and PCDHB15 (108) . Specifically, the expression and methylation status of CDH8, PCDH10 and PCDHB11 can potentially be used to discriminate between HPV + and HPV -induced SCC, as well as in establishing a precise treatment response and in evaluating the evolution of the disease (108) . Moreover, a decreased E-cadherin expression and subsequent impaired immune response is also related to HPV infections (108) .
CDKN2A or cyclin-dependent kinase inhibitor 2A is a gene located at chromosome 9, band p21.3. It codes for two proteins, among which INK 4 family member p16 (p16 INK4a) and p14arf have been annotated the roles of tumor suppressors. This kinase was found to be overexpressed in carcinomas induced by HPV and to be reduced in HPV-negative tumors. There is evidence of a strong correlation between increased levels of HPV E6/E7 transcripts with significant viral loads and high expression levels of CDKN2A (p16INK4A). SCCs HPV + can be the result of a CDKN2A promoter hypermethylation and/or loss of 9p21. Of note, CDKN2A is the second most commonly activated gene in carcinogenesis after p53 (110) . Furthermore, the expression of genes CDKN2A, CDKN2B and CDKN2C was also associated with HPV + malignant tumors together with genes involved in the cell-based immune response (CxCL, CXCL11 and IL-19) (110, 112) .
Another potential biomarker in HPV infection-related carcinomas may be the mitochondrial DNA of the patient. Thus, it has been shown that a large number of patients suffering from head and neck SCC had mitochondrial DNA mutations (139) . The association between HPV infection and the mutagenesis of mitochondrial DNA is currently under investigation. Of note, the quantitative determination of mitochondrial DNA has proven to be a valuable indicator of local recurrence and distant metastases in SCC (135, 140) .
Another line of research has demonstrated that there are connections between HPV-induced cancer and HPV chromosomal alterations, such as gains at 20p13-q13.33 and losses at 13q21.1-21.33. On the other side, lost regions at 3p and 5q together with amplifications at 11q13.3 were common in HPV-negative carcinomas and absent in HPV-induced tumors. Indeed, these low level gains of chromosome 20q can be produced by E7 expression and the consequent inactivation of the retinoblastoma protein pathway in epithelial cells (120) . Furthermore, head and neck tumors, but also cervical and anal carcinomas induced by HPV may be associated with the deletion of part of the long arm of chromosome 13 (120) .
Some researchers have demonstrated the presence of specific genes at 20q and 13q chromosomes, underlying the importance of these related genes in HPV-mediated carcinogenesis. Indeed, they seem to be associated with continuous E7-regulated E2F1 activation, determining changes in cellular maintenance systems (nucleic acid metabolism). Furthermore, at the level of 20q region, cancer-related genes, such as E2F1, PIGU (phosphatidylinositol glycan anchor biosynthesis, class U-involved in cell cycle control and associated with bladder cancer) and DNMT3B (DNA cytosine 5-methyltransferase 3 beta) which is a de novo DNA methyl transferase (involved in cervical cancer) have been localized (120) . There are also gains at 3q and losses at 11q associated with epithelial SCCs (120) . PPFIA1, DHCR7, CTTN, TMEM16A and GAL genes are located in the 11q13 region which is affected in HPV-related tumors. For this reason, their expression in HPV + carcinomas is decreased together with MAGEA4, MAGEA12 and HMGA2 (120) . As regards the detection of HPV capsid antibody, it was demonstrated that with the exception of HPV type 6, which contains shared epitopes and type-specific epitopes on intact capsids, conformationally dependent epitopes on intact capsids are HPV-type specific (136, 153) .
HPV treatment and cancer
The treatment of head and neck SCC caused by HPV infection depends on the presence or absence of the HPV load in the tumors. It is considered that in the case of HPV-negative tumors, the prognosis is better as compared to that in HPV-positive ones, where the treatment is focused on improving the quality of life and the survival rate of patients (141) . The treatment is specific according to the type and stage of the tumor. In the case of SCC and depending on tumor spread surgical resection of the tumor, chemotherapy, as well as radiotherapy may be necessary. For stage one and two tumors, external or internal radiotherapy is used as an elective treatment. Aggressive carcinomas can sometimes mimic benign lesions, but follow-up during evolution, as well as a poor response to treatment eventually characterize their biological behavior (142) . As regards stage three and four tumors, the standard treatment is platinum salt chemotherapy combined with radiotherapy (143) . In advanced forms of cancers, former platinum-based and fluorouracil regimens have been replaced with combinations of cetuximab and platinum salts that have demonstrated their superior efficacy (144) .
Cervical cancer remains the most widespread form of cancer induced by the HPV virus and the fourth most common type of malignancy affecting females. There is no proper treatment of genital HPV infection. In the majority of women, the infection heals alone due to immune system activity. The treatments available for HPV genital infection are targeted at changes in the skin and mucosa caused by HPV infection such as condylomas, pre-cancerous lesions in the cervix or cervical cancer. Pre-cancerous lesions that bleed may over-infect with pathogenic germs (145) or fungus (Aspergillus or Fusarium genus) (146) which are difficult to treat. As alternative adjuvant therapy, various chemical compounds with anti-bacterial and anti-proliferative effects (147, 148) or plant extracts with cytotoxic and apoptotic effects may be administered (149) . All of these therapeutic methods can remove the lesions, but do not remove the virus from the body. It can be eliminated exclusively by the action of the immune system. As the virus persists in the body, condylomas often relapse following treatment. Since the discovery of HPV, a need to formulate a vaccine to prevent infection and, subsequently, the development of cancer has existed. The vaccine mimics the disease and creates resistance. It is not a live virus or inactivated virus vaccine and thus it does not represent any risk for the individuals that use it (150).
The antipapillomavirus vaccines.
In natural infection, HPV stimulates both humoral immunity (mediated by monoclonal antibodies), as well as cell-mediated immunity (mediated by T lymphocytes) in the human body. The body synthesizes antibodies to surface proteins L1 and L2; however, the intensity of the immune response varies from individual to individual and depends on the HPV type that causes the infection and on its persistence. Thus, the development of anti-HPV vaccines began after careful observations as to how the human body reacts as a result of infection with HPV (150) . Studies on the vaccines began in the 1980s, and the results materialized only in 2006, when the two vaccines containing L1 viral proteins produced by genetic recombination techniques appeared. The proteins are assembled into morphologically similar particles to the viral, but do not contain the genome (DNA-viral double-stranded DNA molecule). Thus, these vaccines do not present infectious or oncogenic risk, as they only stimulate specific antibodies (151, 152) . The objectives of the vaccination are (151): i) Providing prophylaxis of HPV infection by stimulating mediated humoral immunity and preventing the virus from reaching the target (keratinocytes); and ii) stimulation of cell-mediated immunity (T helper lymphocytes) as the body must destroy the abnormal keratinocytes and eliminate the lesions induced by infection.
Due to ethical reasons, the rate of cervical cancer development or the mortality rate cannot be analyzed through long-term studies; thus, the final stages of CIN investigated were CIN2 and CIN3. It is ideal to administer the vaccine prior to the commencement of sexual activities. The vaccination does not protect patients already infected with any of the strains studied (types 6, 11, 16, 18 and 16, 18) , but the tetravalent vaccine can prevent (44%) cervical lesions in patients who have been previously infected and received only one or two of the three required doses of vaccine. The mechanisms of action of the HPV vaccines are presented in Fig. 2 .
The tetravalent vaccine (Gardasil or Silgard; Merck & Co., Whitehouse Station, NJ, USA) was approved in June 2006 for women aged between 19-26 years to prevent cervical, vulvar and vaginal cancer caused by HPV types 16 and 18, and genital lesions caused by HPV types 6, 11, 16 and 18. The bivalent vaccine (Cervarix; GlaxoSmithKline Biologicals, Rockville, MD, USA) was approved in the USA only in October 2009, two years later than in the rest of the countries. Gardasil is a prophylactic vaccine that prevents intraepithelial cervical neoplasia, intraepithelial vulvar neoplasia and intraepithelial vaginal neoplasia, recommended to be administered prior to sexual intercourse. The double-blind clinical trial required for the approval of the vaccine was performed on 12,000 women aged between 16 and 26 years, in thirteen countries, and studies are currently being conducted to approve the vaccine for women aged between 27 and 45 years (153) . An important aspect is that this vaccine is also effective for men, protecting them from pre-cancerous lesions or anal cancer caused by some HPV strains. Its use for this purpose has been permitted since October 2009 (the age category for men is 9-15 years). The vaccine dose is 0.5 ml administered intramuscularly (never intravenously) at 2 and 4 months, respectively, from the previous dose (3 in total) and contains the following: 20 µg of L1 type 6 protein, 40 (152) . The vaccine's effectiveness against HPV infection is almost 100% for strains 6, 11, 16 and 18 over a period of >4 years. In addition, it has been shown to have an affect (38%) on another 10 strains responsible for carcinogenesis. The reported side-effects range from swelling of the area of administration, local pain (stronger than with other vaccines), syncope, Guillain-Barre syndrome (acute demyelinating inflammatory polyneuropathy triggered by acute infectious disease) to pulmonary embolism and death 1:1,000,000, with approximately 20 cases out of total doses administered worldwide. The vaccine does not contain mercury, thiomersal (high potency toxic organomercury compound), antibiotics or viral genome traces, but contains 50 mcg of polysorbate 80 that can cause infertility, being one of the main reasons why its use is not universally accepted. Unfortunately, as a new vaccine, long-term effects (including the effects on pregnancy/breastfeeding) are not yet known; however, from the current perspective, the benefits (both pathological and financial) are greater than the risks of using it (154) .
Cervarix (Merck & Co.) is a bivalent vaccine designed to prevent HPV types 18 and 16 infection (the latter is also associated with oropharyngeal cancers), clinical tests showing that it also offers some protection against strains 45 and 31 (155) . The vaccine contains 20 µg of L1 type 16 protein, 20 µg of L1 type 18 protein, 50 µg of AS04 3-O-desacil-4'-monophosphoryl lipid A (MPL) adjuvant which generates and maintains longer immune response to the body, absorbed on aluminum hydroxide hydrate (0.5 mg of aluminum). It is not recommended for patients with severe fever or immunodeficiency (these contraindications also apply to Gardasil). Compared to Gardasil, Cervarix generates twice as many anti-HPV 16 antibodies and 6-fold more anti-HPV 18 antibodies at 7 months post-dosing, but was not active on strains 6 and 11 responsible for genital warts or in the case of male patients (156) . In spite of these findings and recent studies, anti-HPV vaccination remains an open subject because of multiple unclear aspects: Long-term side effects, duration of immunogenicity, effective efficacy of male patients and, last but not least, the effects on the Papanicolau test or colposcopy (the intervals between the tests could increase.
Conclusions
HPV infections are strongly implicated in the pathogenesis of different types of cancer. The screening for HPV is necessary in carcinoma therapy determination and prognosis evaluation.
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